Abstract Dy 2 O 3 -coated Dy nanoparticles and Al 2 O 3 -coated Dy nanocapsules, with Dy cores with the average size of 3.6 and 17.6 nm, respectively, are synthesized by arc-discharge technique. The transition from ferromagnetism to antiferromagnetism absents in the Dy nanoparticles, due to that its average core size of 3.6 nm is smaller than the helix period of Dy. The temperature of the superparamagnetismantiferromagnetism transition in the Dy nanocapsules increases abnormally to 105 K, while the Néel temperature decreases to 150 K. The magneticentropy change (-DS m ) of the Dy nanoparticles rapidly increases with decreasing temperature. For Al 2 O 3 -coated Dy nanocapsules, -DS m reaches 15.2 J kg -1 K -1 at 7.5 K, due to the existence of superparamagnetism, and a peak (5.2 J kg -1 K -1 ) appears at 105 K due to the superparamgantism-antiferromagnetism transition, and -DS m exceeds 2 J kg
Introduction
The distinctive nature of unpaired 4f electrons causes rare-earth (RE) metals possess particular physical and chemical properties, such as large magnetic moments, high electrical conductivities, and high chemical reactivity (Song et al. 2006; Kala et al. 2009 ). These properties enable RE elements in the form of metals, alloys, and compounds to be applied extensively in various fields, such as magnetic (Zhang 2007) , magneto-optic (Schoenes 1997) , magnetocaloric (Liu et al. 2008a, b) , superconductive (Laurent et al. 2001) , fluorescent systems (Dascalu and Dascalu 2006) , nickel-RE hydride batteries (Huiberts et al. 1996) , chemical temperature sensors, environment-friendly materials (Mitchell et al. 2000; Fray et al. 2000) , etc. For nanoscale RE metals, interesting optical, electronic, magnetic, and catalytic properties can be expected because of significantly increased surface area or grain boundary area (Zhang 2007) . However, it is a common fact that it is extremely difficult to synthesize the nanoparticles with RE elements because of their chemical activity, which has been a nagging hindrance for their applications (Kala et al. 2009 ). Some efforts have been made towards synthesizing RE metals in nanocrystalline, nanoparticle, and nanopowder forms (Song et al. 2006; Wan et al. 1993; Krill et al. 1997; Shevcenko et al. 1995; Johnson et al. 1996) . In most of these previous studies, RE nanoparticles were fabricated by co-sputtering RE metals in the matrix of an immiscible or low solubility material, such as, Cr, Mo, Ta, W, and Ti, followed by annealing at high temperature for precipitating RE material in nanoparticle form (Wan et al. 1993; Krill et al. 1997; Shevcenko et al. 1995; Johnson et al. 1996) . Recently, Song et al. 2006 prepared bulk nanocrystalline RE (=Nd, Sm, Gd, and Tb) metals with nanograins (\20 nm) using an ''oxygen-free'' (oxygen concentration \0.5 ppm) in situ synthesis, where inert gas condensation was combined with spark plasma sintering in an entirely closed system. However, the complex fabrication processes and rigorous storage requirements have been the challenge for practical application of RE nanoparticles. Therefore, it is significant to search an easy and substrate-free fabrication technique, which can prevent RE nanoparticles from severe oxidization. As a well-known method for producing nanoparticles/ nanocapsules, the arc-discharge technique has been widely used in the last decade (Zhang 2007; Liu et al. 2008a Liu et al. , b, 2009a Geng et al. 2003; Zhang et al. 2006; Ma et al. 2007; Si et al. 2004) . Nanocapsules, which are normally composed of a core and a shell in the size of nanometer that are made of different materials, are excellent for preventing the core from further oxidization (Zhang 2007) . In the previous studies, we successfully introduced ceramics Al 2 O 3 as the shell and fabricated Al 2 O 3 -coated REAl 2 (RE = Dy, Gd, Ho, and Tb) compound nanocapsules by a modified arc discharge technique on the basis of evaporation pressures (Liu et al. 2008a (Liu et al. , b, 2009a Zhang et al. 2006; Ma et al. 2007) . Recently, Gd and Dy nanocapsules, DyCo 2 and HoCo 2 nanoparticles were synthesized by the arc discharge technique and their magnetic properties were investigated (Liu et al. 2009a (Liu et al. , b, 2010 Si et al. 2004; Ma et al. 2007 ). These nanoparticles/nanocapsules can be stable in air without any special protection and they also exhibit large cryogenic magnetocaloric effect (MCE) induced by superparamagnetism (SPM), which can be applied for the magnetic refrigeration at low temperatures (Liu et al. 2009a (Liu et al. , b, 2010 Ma et al. 2007 Ma et al. , 2008 . Utilization of magnetic refrigeration depends on the development of materials with sufficiently large changes of magnetic entropy at sufficiently low applied fields. In addition, from the viewpoint of application, it is highly desirable that large MCE spans over a wide temperature range. REbased materials (including RE metals and their alloys/compounds) could exhibit the large MCE at a wide temperature range, due to their large magnetic moments, complex magnetic transitions with favorable transition temperature, which make them the focus of the research.
The dysprosium (Dy) has one of the largest magnetic moments in the lanthanide series, which reaches 10.65 l B (Bohr magneton) in ferromagnetically ordered state for a free trivalent ion (Herz and Kronmüller 1978) . Dy exhibits numerous magnetic phase transitions as temperature and/or magnetic field vary. In a zero magnetic field, Dy is in a paramagnetic (PM) state above its Néel temperature, T N = 180 K, at which it transforms into a helical antiferromagnetic (AFM) phase stable between 90 and 180 K. Below T FM-AFM = 90 K, the Dy metal exhibits ferromagnetism (FM) (Chernyshov et al. 2005 (Chernyshov et al. , 2008 . The transition between the AFM and FM phases at T FM-AFM is of first-order, while that between the AFM and PM states at T N is a secondorder one (Chernyshov et al. 2005) . If the size of particles is comparable to fundamental magnetic lengths, confinement, and surface effects will affect the magnetic properties of the particles. Thus, nanostructured Dy is an interesting topic, especially, with respective to its variance in magnetic properties, compared with those of bulk Dy. However, due to the challenge on the synthesis, to date, few reports on the influence of reduced dimensionality on the magnetic properties of Dy nanoparticles have appeared (Herz and Kronmüller 1978; Chernyshov et al. 2005 Chernyshov et al. , 2008 .
In 
Experimental procedure
Dy nanoparticles/nanocapsules were synthesized by a modified arc-discharge process similar to the one used in our previous study (Zhang 2007; Liu et al. 2008a Liu et al. , b, 2009a Liu et al. , b, 2010 Geng et al. 2003; Zhang et al. 2006; Ma et al. 2007 Ma et al. , 2008 Si et al. 2004 ). Master DyAl alloy was prepared by arc melting Dy and Al bulks of 99.9 wt% purity under a high purity argon atmosphere. The optimum atomic properties of the button were 95 and 5 at.%, on the basis of their evaporation pressures. For the preparation of Al 2 O 3 -coated Dy nanocapsules, a Dy 95 Al 5 alloy ingot was used as the anode. When the base vacuum of the arcdischarging chamber reached 6.0 9 10 -3 Pa, Ar, and H 2 were introduced into the chamber with partial pressures of 2.0 9 10 4 and 3.0 9 10 3 Pa, respectively. Then, the arc was started and the discharge current was maintained at 40 A for 2 h. After passivation with fresh Ar gas for 48 h, the product in the powder form was collected. For the preparation of Dy nanoparticles, a bulk Dy ingot was introduced as the anode under the same experimental conditions. The phase composition and the microstructure analyses of products were performed using powder X-ray diffraction (XRD) with Cu K a and high-resolution transmission electron microscopy (HRTEM JEOL-2010) employing 200 kV. The oxidation behavior was investigated by thermal gravimetric analysis (TGA) and scanning differential thermal analysis (SDTA) in air atmosphere at a heating rate of 10°C min -1 from 20 to 400°C. The magnetic measurements were carried out in a superconductor quantum interference device magnetometer (SQUID, Quantum Design MPMS-7).
Results and discussion
The XRD patterns in Fig. 1 show the phase composition of as-prepared Dy nanoparticles/nanocapsules. As shown in Fig. 1a , except for several peaks corresponding to Dy, most of peaks in the XRD patterns can be indexed as Dy 2 O 3 , which reveals that the Dy nanoparticles were easily oxidized. In comparison, the XRD patterns in Fig coated Dy nanocapsules. In the previous study , DyAl 2 compound formed with different anode compositions. Thus the ratio of metal atoms in the chamber is important for the formation of the DyAl 2 compound in nanoscale. The absence of Dy oxides in the nanocapsules is due to the protection of Al 2 O 3 . The (101) and (102) those in nanoparticles, the peaks of Dy in the nanocapsules shift to higher angles, indicating the lattice shrinkage attributed to the atomic substitution. The TEM images shown in Fig. 2a and b illustrate the morphologies of nanocapsules/nanoparticles with irregular spherical shape. As shown in Fig. 3a and c, the size distribution of Dy nanocapsules/nanoparticles are 5-50 and 5-70 nm, and the average diameters are estimated as 22 and 34 nm, respectively. The size of the core in Dy nanoparticles/ nanocapsules is averaged as 3.6 and 17.6 nm, respectively, according to Fig. 3d and b. It should be noted that the average size of Dy 2 O 3 -coated Dy nanoparticles is larger than that of Al 2 O 3 -coated Dy nanocapsules, while the average core size of the former is smaller than that of the latter. The size difference between the nanoparticles and nanocapsules is explained by the restrain effect of Al atoms on the growth of the nanocapsules; while the difference between the core sizes is attributed to the protection of Al 2 O 3 shell from further oxidation of the Dy nanoparticles in the air. The HRTEM images of a Dy nanocapsule and an Al 2 O 3 nanoparticle are shown in Fig. 2c . The right part of Fig. 2c shows the typical core-shell structure with a crystalline core and a shell of 3.2 nm thickness. In the crystalline core, the d spacing of 0.27 nm corresponds to the characteristic lattice distance of (101) Fig. 2d , in which the d spacing of 0.27 nm corresponds to the characteristic lattice distance of (101) of Dy. The 3.9-nm thick shell can be determined as Dy 2 O 3 by its characteristic interplane (622) spacing of 0.16 nm. Based on the XRD and TEM results above, the formation mechanism of the nanocapsules/nanoparticles can be briefly summarized as follows. In the arcdischarge process, the metal atoms evaporated from the anode into the chamber, in which they with a high activity reacted rapidly and then nucleated through the rapid energy exchange. The boiling point and evaporation pressure of metals determines the amount of evaporated atoms and the priority of condensed atoms. Al with its boiling point of 2740 K was more easily evaporated than Dy with a boiling point of 2835 K. When the temperature decreased, Dy atoms took the priority to be condensed. In the present experiment, Dy and Al atoms evaporated simultaneously from the Dy 95 Al 5 anode, but in a certain time, more Al atoms entered the chamber. As they had a high activity, the evaporated Dy and Al atoms rapidly exchanged energy with each other to form clusters in the high-temperature region of the plasma, which led to some Al atoms with smaller atomic radius (1.82 Å ) occupy part of Dy sites with larger atomic radius 2.49 Å and cause the lattice shrinkage of Dy. When the clusters of reacted matter left the high-temperature region of the plasma, rapid quenching led to the nucleation of crystallites, and the formation of Dy nanoparticles. On the other hand, similar to the formation of Al 2 O 3 -and ZnO-coated Fe nanocapsules (Geng et al. 2003; Liu et al. 2009a, b) , some evaporated Al atoms (fewer compared to the number of Dy atoms) were abounded on the surfaces of the Dy nanoparticles to suppress the growth of Dy nanoparticles. After passivation, Al transforms to be Al 2 O 3 on the surfaces of the nanocapsules to form the core-shell structure. In addition, a small number of aluminum particles formed by excessive aluminum atoms were oxidized into Al 2 O 3 when exposed to the air. For Dy nanoparticles, due to the large surface/ ration ratio and high chemical activity, small Dy nanoparticles and surface of big Dy nanoparticles were oxidized into Dy 2 O 3 when exposed to the air, which can explain why the core size in the nanoparticles is smaller than that in the nanocapsules.
It is well known that RE nanoparticles are easily oxidized or self-ignited when heated in the air. To study the thermal stability and understand antioxidation behavior, TGA and SDTA curves were recorded for the Dy nanoparticles/nanocapsules at a heating rate of 10°C min -1 in a flowing air atmosphere (see Fig. 4 ). For Dy nanoparticles/nanocapsules, the weight loss can be observed at low temperatures, due to the release of absorbed gases or moisture on the surface, and the weight exhibit a slight reduction at high temperatures above the temperature of the exothermic peak, which might be attributed to the existence of volatile matters in tube furnace (Wang et al. 2003) . The weight loss (*18.6%) in Dy nanocapsules is larger than that (*15.2%) in Dy nanoparticles, which can be explained by the fact that the nanocapsules with smaller particle size can absorb more gases or moisture. The TGA-SDTA curves of Dy nanoparticles exhibit a gradual weight gain from 120 to 190°C, which is associated with an exothermic peak at 190°C, as shown in Fig. 4a . It indicates that the oxidation takes place at 120°C and the cores have been completely oxidized to Dy 2 O 3 at 190°C. It is interesting to note that in Fig. 4b , there is no weight variety from 120 to 220°C, suggesting that Dy nanocapsules are stable in this temperature range. As shown in Fig. 4b , from 220 to 370°C, the TGA-SDTA curves exhibit a gradual weight gain associated with an exothermic peak at 370°C, implying that the Dy cores are slowly oxidized to Dy 2 O 3 from 220°C and fully oxidized at 370°C. It also indicates that the Dy nanocapsules are stable and secure below 220°C in the air. The exothermic peak at 370°C in the nanocapsules is higher than 190°C of the nanoparticles, due to the protection of Al 2 O 3 shell on the Dy nanocapsules and also to the smaller core size in Dy nanoparticles. Figure 5a and b shows the temperature dependence of the magnetization at an applied field (l 0 H = 0.01 T) after different cooling processes for as-prepared Dy nanoparticles/nanocapsules. In the zero-field cooling (ZFC) process, the sample was cooled from 200 to 5 K without application of an external magnetic field, then the magnetization as a function of temperature was recorded at a relatively low applied field (0.01 T) during the warming process. In the case of field cooling (FC), the sample was cooled from 200 to 5 K in the presence of an external magnetic field (0.01 T), and the magnetization as a function of temperature was recorded during the cooling process (Zhang 2007) . Dy 2 O 3 was reported to exhibit an AFM transition with T N * 1.2 K; however, below the lowest temperature we measured (Nelson et al. 2003) . Moreover, Al 2 O 3 exhibits PM. Consequently, the ZFC and FC curves in Fig. 5a and b show only the features of Dy nanoparticles/nanocapsules. As shown in Fig. 5a , the peak in the ZFC curve at 20 K corresponds to the blocking temperature T B , which indicates that the relaxation rate of the moments of the Dy nanoparticles decreases quickly, leading to a blocked state below T B . The T B of Dy nanocapsules is determined as 40 K from ZFC in Fig. 5b . Higher T B of Dy nanocapsules, in comparison with that of Dy nanoparticles, is due to the fact that larger Dy cores relax their higher moments to the same applied field at higher temperature. For Dy nanoparticles/nanocapsules, each FC curve departs from the corresponding ZFC curve at a temperature larger than T B . Strong mutual magnetic interactions may exist in randomly distributed particles, which would induce a spin glass state in the particle system because of the spin frustration. However, the peak in the temperature dependence of the ac susceptibility in Dy nanoparticles (Fig. 5c) increased from 10 to 1000 Hz, which is different from the behavior of spin-glasses for which the peak would shift to lower temperatures (Liu et al. 2008a, b; Ma et al. 2007 ). Moreover, the value of the Curie temperature extrapolated from the reciprocal dc susceptibility obtained from FC curve of Dy nanoparticles (or nanocapsules) is 0.5 K (or 10.32 K), which is much smaller than that of systems with strong mutual interactions. These results suggest that interactions between the Dy nanoparticles/nanocapsules are very weak, because the paramagnetic shells hinder the direct contact between the magnetic cores. It is worthy noted that magnetization value at relatively low field is not well defined due to the fact that there are two different curves, i.e., FC and ZFC. However, the ZFC and FC curves overlapped with each other at an applied field of 1 T, indicating no irreversible behavior below the blocking temperature T B , as shown in the insets of Fig. 5a and b. Moreover, the ZFC and FC curves at larger applied fields of 2, 3, 4, and 5 T also show the magnetically reversible behavior between 5 and 200 K (not shown here). As a result, the magnetic behavior of nanoparticles/nanocapsules in the ZFC and FC processes is equivalent between 1 and 5 T. Because the weak interactions will not be the most influential factor in changing the magnetization of the Dy nanoparticles/nanocapsules between 1 and 5 T, their magnetic behavior can be described by the classical superparamagnetic theory without particles' interactions (Ma et al. 2007) .
At cryogenic temperatures, bulk dysprosium is a basal plane ferromagnet with a preferred magnetic direction along the a axis. Its axial anisotropy is huge (2.5 9 10 7 J m -3 ) but the in-plane anisotropy K 6 6 is two orders of magnitude lower, 2.9 9 10 5 J m -3 (Shevchenko and Christodoulides 1999) . According to the SPM theory, T B can be described by 25 k B T B = KV, where KV is the anisotropy energy barrier, k B is the Boltzmann's constant; K and V are the effective anisotropy constant and the volume of the particle, respectively (Zhang 2007) . For the present Dy nanoparticles/nanocapsules, the magnetocrystalline anisotropy constant K can be estimated by this formula using the blocking temperature T B = 20 and 40 K and the average core size of 3.6 and 17.6 nm, respectively, as determined experimentally above. The calculated values for K are 6.1 9 10 5 J m -3 in Dy nanoparticles and 1.5 9 10 5 J m -3
in Dy nanocapsules. These values are very close to the in-plane (basal) anisotropy K 6 6 of bulk Dy. This causes the easy-magnetization direction to fluctuate within the basal plane and the particle to behave like a superparamagnet. In Fig. 5a , the big turn on overlapped ZFC and FC curves at 80 K indicates the Curie temperature T C of Dy nanoparticles, which is slightly lower than the value T FM-AFM = 90 K for bulk Dy. This reduction of the transition temperature is attributed to the change of intrinsic magnetic behaviors caused by the size effect and surface effect of the nanoparticles (Zhang 2007; Ma et al. 2007 ). The inset of Fig. 5d shows the first-order derivative dM/dT of the ZFC magnetization as a function of temperature in Dy nanoparticles. Zero value is obtained at T B , a kink appears at T C , and no transition can be observed at temperatures between 120 and 190 K in the inset of Fig. 5d , indicating the absence of the FM-AFM ordering transition and the AFM-PM transition appearing in bulk. This observation is in good agreement with that for Dy particles with the diameter of 4 nm and e-beam-evaporated multilayer Dy/Cu granular films of thickness 2 nm (Shevchenko and Christodoulides 1999; Tejada et al. 1994) , which is ascribed to that the average core size 3.6 nm of the present Dy nanoparticles is smaller than the helix period about 4.1 nm of Dy (Mello et al. 2006) .
In ZFC curve (Fig. 5b) , in addition to a peak at T B = 40 K, there are two temperature ranges with abnormal decrease in the magnetization, indicative of two magnetic phase transitions. The first abnormal point in magnetization at 105 K is due to a SPM-AFM transition corresponding to the low-temperature peak of dM/dT of the ZFC magnetization (Fig. 5d) ; the second point at 150 K is from the AFM-PM transition corresponding to the high-temperature peak of dM/dT (Fig. 5d) . Compared with bulk Dy, the Néel temperature T N of Dy nanocapsules decreases remarkably to 150 K, while the T SPM-AFM increases abnormally to 105 K. This phenomenon is similar with the shift in bulk nanocrystalline Dy with the average grain size of 10 nm and Dy nanoparticles with the diameter of 12 nm (Shevchenko and Christodoulides 1999; Yue et al. 2008 ). Thinking about the average core size of 17.6 nm in Dy nanocapsules is about four times the helix period of Dy, one understands that such a deviation is due to the breaking of the helical ordering and the incomplete rotation of spins along the c axis. The stability of the helical state is modified, due to the lack of the second neighboring spins near surface region, which favors the stability of the FM order along the easy-magnetization direction with hexagonal anisotropy (Mello et al. 2006) . The incomplete spin compensation, due to the lack of the second neighboring spins near the surface region in antiferromagnetically ordered materials, becomes measurable in small particle systems, where the long-range AFM order is frequently interrupted at the surfaces of the particles (Chernyshov et al. 2008 ). However, surface effects are not restricted to the surface. The thickness of the matter close to surface, which is modified by the surface effects, depends on the way the effective local field relaxes in the nanocapsules. In small structures, like nanoparticles/nanocapsules, the surface-to-volume ratio becomes very large with decreasing the particle size, enhancing the tangible contribution to the magnetic behavior by uncompensated spins at the surfaces (Mello et al. 2006) , which causes the decrease of relaxation time of the nanocapsules gradually at the thermal agitation effects and leads to the reduction of T N .
The hysteresis loops of the Dy nanoparticles, measured at 5, 30, and 100 K after the ZFC process, show the hysteretic characteristic (see Fig. 6a ). The coercive field of 210.5 kA m -1 at 5 K, which is bigger than 122.4 kA m -1 for bulk Dy, indicates ferromagnetic behavior at low temperatures. But, no (Zhang 2007) . Figure 6b represents the hysteresis loops recorded at 5, 100, and 110 K, respectively, for Al 2 O 3 -coated Dy nanocapsules. Although the shape of the hysteresis loop at 5 K is similar with that in Dy nanoparticles, the magnetization (143.9 Am 2 /kg) at 5 T is almost three times the corresponding value (50.1 Am 2 /kg) of Dy nanoparticles and the coercive force (146.4 kA m -1 ) is smaller than that (210.5 kA m -1 ) in nanoparticles. This is consistent with the conclusion that the magnetization reduces and the coercive force increases with the reduction of size (Zhang 2007) . Although the coercive forces of Dy nanoparticles/nanocapsules, as expected for nanosized particles, are larger than 122.4 kA m -1 of bulk, the relatively low coercivities are ascribed to low inplane anisotropy, as reflected in the low blocking temperature. No coercivity can be observed in the hysteresis loop recorded at 100 K, indicating that Dy nanocapsules show SPM. From the line-like curve recorded at 110 K and ZFC curve (Fig. 5b) and dM/ dT curve (Fig. 5d) , it is concluded that Dy nanocapsules are in AFM state between 105 and 150 K.
Avoiding the difference between ZFC and FC curves which is typical for nanoparticles/nanocapsules with blocking state in low applied field, the DS M of the nanoparticles/nanocapsules can be defined between 1 and 5 T. The magnetic entropy -DS m can be derived using numerical approximation DS m ½ðT nþ1 þ T n Þ=2; B ¼ P ½ðM nþ1 À M n Þ=ðT nþ1 À T n Þ DB, according to the Maxwell relation (Liu et al. 2008a, b; Ma et al. 2007 Ma et al. , 2008 . The -DS m of the Dy nanoparticles between 7.5 and 197.5 K upon magnetic-field changes from 1 to 5 T was calculated from the magnetic isotherms presented in the inset of Fig. 7a , in which the increment of the temperature is 10 K. As shown in Fig. 7a , the value of -DS m increases monotonously with decreasing temperature, which is similar with the results of SPM GdAl 2 , TbAl 2 , HoAl 2 , Gd, DyCo 2 , HoCo 2 nanocapsules/ nanoparticles, due to a large magnetization change in low temperatures at a given field change (Liu et al. 2008a (Liu et al. , b, 2009a (Liu et al. , b, 2010 Ma et al. 2007 Ma et al. , 2008 . At 7.5 K, -DS m reaches a value of 5.16 J kg -1 K -1 in a field change from 1 to 5 T, which is smaller than those of the systems mentioned above, due to the smaller magnetization reduced by serious oxidation in Dy nanoparticles. As shown in Fig. 7b , -DS m of Al 2 O 3 -coated Dy nanocapsules was calculated, according to the above formula using the magnetic isotherms in the inset of Fig. 7b. -DS m reaches 15.2 J kg -1 K -1 at 7.5 K and a peak with the value of 5.2 J kg -1 K -1 appears at 105 K at DB = 4T. The former large value is due to the SPM and the latter peak is from the SPM-AFM transition. The -DS m Fig. 7 Temperature dependence of the magnetic-entropy change of a Dy nanoparticles and b Al 2 O 3 -coated Dy nanocapsules between 7.5 and 197.5 K in a field change from 1 to 5 T. The insets show the magnetic isotherms from 5 to 205 K, obtained in a ZFC measurement value of Dy nanocapsules exceeds 2 Jkg -1 K -1 the in the range from 7.5 to 105 K at DB = 4T, which is broader than that reported previously in superparamagnetic nanoparticles/nanocapsules (Liu et al. 2008a (Liu et al. , b, 2009a (Liu et al. , b, 2010 Ma et al. 2007 Ma et al. , 2008 Zhang et al. 2006; Nelson et al. 2003) . The wide working-temperature range mainly comes from the coexistence of the SPM and the SPM-AFM transition in Dy nanocapsules. For traditional magnetic refrigeration material, the wide working-temperature range always appears in bulk materials with two successive AF-FM and FM-PM magnetic transitions, like in Ce(Fe, Ru) 2 , Tb 2 Ni 2 Sn, or successively structural and magnetic transitions in Ni-Mn-In-based Hesular alloys (Chattopadhyay et al. 2006; Kumar et al. 2008; Zhang et al. 2009 ). It is worthwhile noting that the signs of two entropy changes in most of these materials are opposite (Chattopadhyay et al. 2006; Kumar et al. 2008 ), which may not fully enlarge the working temperature range since the zero MCE may be not avoided in the transition temperature range between the conventional and inverse MCE. The exception is Ho 2 In compound that exhibits two successive magnetic phase transitions, in which two -DS M peaks with the same sign are partly overlapping, resulting in a wide temperature interval with appreciable MCE (Zhang et al. 2009 ). However, MCE from SPM and SPM-AFM transition with the same sign of -DS m in the Dy nanocapules can also enlarge the working-temperature range effectively. This study may open up a new strategy of seeking for large MCE materials over a wide temperature range. These Al 2 O 3 -coated Dy nanocapsules may serve as promising magnetocaloric material for low-temperature refrigeration applications.
The MCE is the isothermal change of entropy, which is from the variation of the magnetic moment, in a material because of an applied magnetic field (Chattopadhyay et al. 2006) . The variation of the magnetization of the nanoparticles/nanocapsules is determined by the applied field Zeeman energy, thermal agitation energy k B T, anisotropy energy barrier, and weaker interaction energy between the particles, which have different effects on the rotation of the moments, respectively. The relationship and balance among these four kinds of energies in superparamagnetic nanoparticles/nanocapsules have been studied in detail in our previous study (Liu et al. 2008a (Liu et al. , b, 2009a (Liu et al. , b, 2010 Ma et al. 2007 Ma et al. , 2008 Zhang et al. 2006) . When the temperature and applied field are changed, the Zeeman energy and k B T will help to overcome the hindrance of the anisotropyenergy barrier and the weak interaction energy to change the orientations of the large amount of magnetic moments from a high moment density in the Dy nanoparticles/nanocapsules, which can generate a large change of magnetic order and lead to a large -DS m . In addition, Dy 2 O 3 and Al 2 O 3 both are PM in measured temperature range. Although the existence of paramagnetic oxide shells (and nanoparticles) protects the Dy magnetic cores and hinders the direct contact between the magnetic cores, they also leads to the deterioration of -DS m because, when mixed with Dy nanoparticles/nanocapsules, they decrease the effective mass of the samples.
Conclusion
Dy nanoparticles and Dy nanocapsules, in which both cores are Dy nanoparticles and shells are Dy 2 O 3 and Al 2 O 3 , respectively, have been prepared by the arc discharge. Due to the existence of Al 2 O 3 shell, Dy nanocapsules can be stable in air below 220°C and have larger core size, compared with that of Dy nanoparticles. The magnetization (143.9 Am 2 /kg) of Dy nanocapsules at 5 T is almost three times the corresponding value (50.1 Am 2 /kg) of Dy nanoparticles and the coercive force (146.4 kA m -1 ) is smaller than that (210.5 kA m -1 ) in nanoparticles, due to the size effect. Because the average core size in the present Dy nanoparticles is smaller than the helix period of Dy, the FM-AFM ordering transition and AFM-PM transition in the corresponding bulk are not observed in Dy nanoparticles. The Dy nanoparticles exhibit three kinds of magnetic behaviors between 5 and 200 K: i.e., FM below 20 K, SPM between 20 and 80 K, PM above 80 K. Due to the breaking of the helical ordering and the incomplete rotation of spins along the c axis, the T SPM-AFM of Dy nanocapsules abnormally increases to 105 K, while the T N decreases dramatically to 150 K. For Dy nanoparticles, -DS m reaches a value of 5.16 J kg -1 K -1 upon a field change from 1 to 5 T at 7.5 K; For Dy nanocapsules, -DS m can reach 15.2 J kg -1 K -1 at 7.5 K at DB = 4T, due to the SPM, and a peak with the value of 5.2 J kg -1 K -1 appears at 105 K, which originates from the SPM-AFM transition. -DS m of Dy nanocapsules exceeds 2 J kg -1 K -1 in the range from 7.5 to 105 K at DB = 4T, which is broader than those reported previously in SPM nanoparticles/ nanocapsules. The Dy nanocapsules may be as promising magnetocaloric material for low-temperature refrigeration applications. At the same time, this study may open up a new strategy for seeking for MCE materials over a wide working-temperature range.
